Abstract: Hierarchical nickel microwires with nanothorns were fabricated through a reduction of nickelous salt with hydrazine in diethanolamine.
Introduction
The fabrication of self-assembled hierarchical microstructures of inorganic materials with highly ordered architectures and well-defined physical properties by bottom-up approach is of great interest to materials chemists, who explore their potential application in various fields, such as magnetism, optics, and electronics fields [1] [2] [3] . In particular, the hierarchical assembly of solution-based nanobuilding blocks into various dimensional micro-and nanostructures with excellent properties has been reported in recent years, such as umbilicate Bi 2 WO 6 microspheres [4] , flowerlike manganese oxide spheres and nanobelts [5] , Fe 3 O 4 @polyaniline core/shell microspheres with welldefined blackberry-like morphology [6] , PbS composite nanotubes [7] , flowerlike cobalt submicrospheres [8] , and so on.
Magnetic metals belong to an important family of inorganic materials, and their self-assembled hierarchical structures are desired for their attractive applications in the fields of catalysis, electronics, and magnetism [9] [10] [11] . It has been proven that bracelet-like cobalt rings by the self-assembly of dipole-dipole and long range van der Waals interactions, reveals the existence of chiral flux closure (FC), which represents a unique nanoscale phenomenon [12] . Xie et al. reported that alpha-Fe nanowires were synthesized via a simple, mild reduction process, and exhibited excellent magnetic behavior [13] . Nickel-iron nanowires were selfassemblied by electroplating, [14] . Novel hierarchical nickel nanostructures are assembled by hexagonal nanoplatelets, which are expected to find application in the fields of catalysis, and electron conduction [15] . Nickel micro-chains assembled with submicrometersized flowers were also synthesized through a mild hydrothermal method without any template and surfactant [16] , and so on.
The main difficulty in synthesizing magnetic materials is the intrinsic agglomerating properties of magnetic nanoparticles. To control or modulate the assembled structures, physical and chemical forces are often employed. Most assembly magnetic nano or microstructures are fabricated by two methods. One method involves using the noncovalent interactions between the organic molecules functionalized nanoparticles, including van der Waals forces, π-π interactions, electrostatic forces, and hydrogen bonding, which act as the "mortar" to associate the building blocks into certain configurations [17] . However, in these assemblies, the content of organic molecules is relatively high, which usually damages their magnetic properties. When immersed into some solvents, dissolution of the "mortar" makes the assembly collapse, which resulted in difficulty in their applications as nanodevices. Another efficient method to build magnetic nanomaterials assembly structures is the direction of magnetic field, which typically produces 1D chains of particles with the magnetic dipoles aligned head-to-tail and parallel to the magnetic field [18] . However, these assemblies usually require an external magnetic field to remain stable, and when the external magnetic field is removed from the system, the alignments destabilize. As a result, additional equipment is needed to sustain the assembled structures, which sometimes makes the preparation inconvenient. Nowadays, the development of simple approaches for multidimensional interconnection of micro-and nanoscaled building blocks into desired structures is still a significant challenge for material scientists.
Herein, an effective diethanolamine solvothermal method was reported to develop the fabricating of highly pure hierarchical nickel microwires with nanothorns, using NiCl 2 •6H 2 O as the precursor. The influences of some parameters, such as the reaction time and alkali concentration, were investigated. In the absence of surfactants or external magnetic forces, the oriented growth of hierarchical nickel microwires with nanothorns was realized, which was always difficult for fcc phase metals, and their synchronous assembly into regularly arranged structures.
Experimental Procedure
All chemicals used were of analytical grade from the Shanghai Chemical Factory, China. In a typical experiment, NiCl 2 •6H 2 O (1.0 mmol) was dissolved in diethanolamine (45 mL) to give a blue transparent solution. Then, 15 mmol NaOH and 5.0 mL hydrazine hydrate (N 2 H 4 •H 2 O, 85% v/v) were added in turn. The mixture was transferred to a 60 mL Teflon-lined autoclave and the temperature was maintained at 180°C for 12 h. After cooling to room temperature naturally, there was black precipitation on the bottom of the autoclave, which was repeatedly washed with deionized water and ethanol several times to remove organic and inorganic impurities. Then the sample was dried in a vacuum at 40 o C for 4 h. The X-ray powder diffraction (XRD) patterns of the products were recorded on a Rigaku (Japan) D/ max-γA X-ray diffractometer equipped with graphite monochromatized Cu Kα radiation (λ=1.54178 Å). The field-emission scanning electron microscopy (FESEM) images of the products were examined by a fieldemission scanning electron microscope (JEOL-6300F). The transmission electron microscope (TEM) and high resolution transmission electron microscope (HRTEM) images and the corresponding selected-area electron diffraction (SAED) pattern were taken on a Hitachi H-800 transmission electron microscopy and a JEOL 2010 high resolution transmission electron microscope at an acceleration voltage of 200 kV. The magnetic properties (M-H curve) were measured at room temperature on an MPMS XL magnetometer made in Quantum Design Corporation. FESEM was employed to characterize the morphology of the as-synthesized product. The morphology of the hierarchical nanostructures is displayed in Fig. 2 . The panoramic FESEM image of Fig. 2a demonstrates that the product consists of reticular microwires as well as their high yield. From a magnified image shown in Fig. 2b , it can be seen that the as-obtain microwires have a diameter of about 1 μm and a length of tens of micrometers. More detailed images of the hierarchical structure ( Figs. 2c and d) show that the microwire was prickly, which was constructed by stand-up and smooth thornlike crystals with a length of several hundred nanometers and diameters ranging from 80 to 200 nm at the middle. TEM was used to determine further details of the hierarchical structures (Fig. 3) . Fig. 3a represents the typical TEM image of the synthesized hierarchical microwires. Fig. 3b is the amplified image, which clearly indicates that the Ni nanothorns grow on the surface of the hierarchical microstructures, and the size and morphology of the nanothorns are consistent with the above FESEM observation. Fig. 3c shows the TEM image of the nanothorns, and the corresponding HRTEM taken from individual thorn is shown in Fig. 3d . The spacing of the observed lattice planes is 0.20 nm, consistent with the separation of (111) planes of fcc nickel. It demonstrates that the growth orientation of the thorn is along (111) plane. The chemical composition of hierarchical structures determined by EDS analysis is shown in Fig. 3e . In addition to the nickel peaks, an oxygen peak is also present which might be attributed to the surface oxidation of nickel by oxygen because of high reactivity of the elemental nickel. The signals of Cu and C elements come from the supporting TEM grid during measurements. It was found that the concentration of NaOH in the reaction system was an important factor in determining the morphologies of the final products. Figs. 4d-4g indicate that the products at different concentrations of NaOH are fcc structures of nickel. The corresponding FESEM images of the products are shown in Fig. 5 . Fig. 5a indicates that the spherical particles were the main product in the absence of the NaOH. According to the experimental results, hierarchical nickel structures with nanothorns could be formed when the concentration of NaOH ranged from 0.15 to 0.45 mol L -1 , and 0.30 mol L -1 was the optimal concentration for the growth of hierarchical nickel structures with higher yield, shown in Figs. 5b, c and Fig. 2 . With the increase of the alkali concentration, the product still presents chainlike structures, while the nanothorns have been petered out. Fig. 5d shows the FESEM image of the product at the alkali concentration of 0.6 mol L -1 . It is known that basic medium could improve the reducing power of hydrazine. Consequently, by increasing the alkali concentration, the crystal growth rate is increased. The observed shape variation with alkali concentration clearly shows that a suitable alkali concentration could effectively control the redox rate, and kinetically control the growth rate of the nickel nanocrystals and their spontaneous assembly of hierarchical nickel structures with nanothorns.
Results and Discussion
To investigate the possible formation process of the hierarchical nickel structures with nanothorns, FESEM images of the products obtained at different stages were investigated (Fig. 6) . In the first 3 h of the reaction, a small amount of black particles showed spherical morphology, in which many small thorns protruded from the particle surfaces (Fig. 6a) . With prolonging time, nanothorns have grown out from the particle surface and became longer as shown in Fig. 6b . As the reaction time was increased to 8 h (Fig. 6c) , these prickly microspheres were connected together gradually due to the inherent magnetic interactions. The connection of microspheres may be due to the solidification of reduced nickel, which was taking place in the interface of adjacent microspheres. Closer inspection reveals that they have a trend to form 1D structure. When the heating time was prolonged to 12 h, product obtained at this stage was dominated by 1D hierarchical nickel microwires with nanothorns (seen in Fig. 6d ). The XRD results (shown in Fig. 4a-4c) indicate that all the products at different stages are also face-centered cubic (fcc) nickel structures.
The formation of magnetically assembled structures is a complex process that is influenced by several factors, including the velocity of the crystal growth, spatial hindrance, dipolar interactions, and other kinetic factors. On the basis of the FESEM study and experimental process, it is proposed that the configuration of the hierarchical nickel microwires with nanothorns could be ascribed to the cooperative effect of the diethanolamine complexing agent and inherent magnetic interactions. In this system, HN(C 2 H 4 OH) 2 acted as a complexant agent. At the initial step of the reaction, HN(C 2 H 4 OH) 2 molecules coordinated with Ni 2+ ions and formed the relatively stable precursor of [Ni(
2+ , which greatly decreased the free Ni 2+ ions concentration in the solution. Nickel nuclei were produced and spontaneously aggregated into spherical particles to low surface energy with the reduction of Ni 2+ by hydrate hydrazine. As the reaction proceeded, the reaction rate slowed down with the decreased Ni 2+ concentration in the reaction solution, which may be favorable for the anisotropic growth of nickel nanocrystals. The surface free energy of a fcc crystal is in the order: γ(110)>γ(100)>γ(111) [19] . Similar to the gold or silver fcc crystals [20, 21] , the (111) plane of nickel also possess the lowest surface energy. Therefore, the growth of the nickel nanothorns was along the predominant direction paralleling to the (111) planes at proper reaction conditions [22, 23] . With the prolonged reaction time, the prickly microspheres tended to join with each other to reduce both magnetic anisotropic energy and surface energy under the influence of the magnetic dipole interactions and the thermodynamic driving force. Subsequently, chemical reduction of nickel ions continued and newly produced nickel crystals would connect the prickly microspheres to the hierarchical nickel microwires. During this process, the surface energy was also reduced when the interface was eliminated. The possible formation process of the hierarchical nickel microwires with nanothorns was schematically illustrated in Fig. 7 .
Magnetic properties of the hierarchical nickel microwires with nanothorns were investigated at room temperature, which displayed coercivity (H c ), saturation magnetization (M s ), and remanent magnetization (M r ) values of ca. 286.2 Oe, 31.2 emu g -1 , and 8.72 emu g -1 , respectively (Fig. 8) . Compared with those of the bulk nickel (100 Oe, 55 emu g -1 , and 2.7 emu g -1 ), the H c value was enhanced, possibly for its nanosized structure. The H c value was also superior to that of the flower-like nanocones, nanospheres, nanowires, and nanoflowers, which was believed to be associated with the unique packing manner of the singly crystalline nanothorns in the hierarchical nanostructures [24, 25] . This value, however, was much lower than that of the 1D nanorods (332 Oe) or nanobelts (640 Oe), which might be due to the fact that the assembly configuration as a total exhibits much lower anisotropy than that of isolated 1D nanocrystals [26, 27] . When subjected to an external magnetic field, it is difficult for the hierarchical nickel microwires with nanothorns to be aligned simultaneously along the direction of the magnetic field like isolated nanorods or wires. Therefore, a relatively lower H c value was shown. As for the decreased value of M s , it might be due to the decrease in the particle size accompanied by an increase in the surface area, and the magnetic interaction between the subunits, which reduced the total magnetic moment at a given field [28] [29] [30] .
Conclusions
A solvothermal reduction method has been used to synthesize hierarchical nickel microwires with nanothorns at 180 o C for 12 h, using diethanolamine as solvent. The experimental results indicate that the addition amount of NaOH plays an important role in the formation of hierarchical nickel microwires with nanothorns. Possible formation processes of the hierarchical nickel microwires with nanothorns was investigated and discussed. The solvothermal process may be used to synthesize some other self-assembled hierarchical magnetic materials to meet the special need of biomedical fields, etc. In addition, the Magnetic properties of the hierarchical nickel microwires shows a typical ferromagnetic behavior with saturation magnetization of 31.2 emu g 
